Background: The success of tumour neurosurgery is highly dependent on the ability to
| INTRODUCTION
Brain tumours are the second most common paediatric cancer, with more than 4000 cases diagnosed each year in children and adolescents. 1 Despite all the medical advances achieved in the field of brain surgery in recent decades, the survival rate of patients with brain tumours has not improved much. The mortality rate from brain tumours remains high; the median survival time is only 12 to 18 months in patients with glioblastoma and 41 months in patients with anaplastic astrocytomas. 2 Today, neurosurgery is concerned in the diagnosis, treatment and postsurgical rehabilitation of patients with brain and spinal cord tumours. The determinant factors in selecting a suitable therapeutic technique are highly dependent on the type and geometrical features of the tumours. 3, 4 Recent technological advances in medicine offer a new surgical technique called minimally invasive surgery (MIS) to minimize trauma to the normal tissues as well as to reduce the recovery time. 5 MIS is defined by two essential features: accurate identification of the operative anatomy and a minimally invasive surgical corridor to the target. 6 Endoscopic instruments are mainly used in general MIS to perform the surgery through small incisions. Minimally invasive neurosurgery is colloquially considered to be brain surgery through a small opening in the scalp or the skull bone. However, the goal of this surgical practice is to implement MIS to optimize the brain tumour resection with the least possible effect on the brain tissue around the abnormality being dealt with. 1, 6 For minimally invasive neurosurgery, advanced surgical techniques have been developed such as conformal radiation, laser hyperthermia, focused ultrasound and image-guided surgery including intraoperative imaging. 6 In particular, the intraoperative imaging technique can be applied as MIS during craniotomy (open surgery) to detect the effect of "brain shift" on the tumour's location and consequently to reduce the side effects on normal tissue. 7, 8 Note that the opening of the skull and of dura mater, the loss of cerebrospinal fluid, the resection of the tumour and the reduction of intracranial pressure often contribute to an intraoperative brain deformation known as "brain shift". 2 The brain surface may be deformed by up to 20 mm after the skull is removed and even up to 50 mm after the resection of big lesions. 9, 10 Brain shift degrades the accuracy of preoperative data and makes intraoperative tumour delineation very difficult. 11 Today's medical advancements in intraoperative imaging such as magnetic resonance imaging (iMRI) and computed tomography (iCT) scans help neurosurgeons to compensate for the impact of brain shift, and to perform precise tumour resection with minimal damage to normal tissues and critical structures. 11, 12 In one of the first studies of neuroimaging, Black et al. 13 ; however, due to the limitation in the tunability of the silicone, a matrix with stiffness of 2.7 kPa was fabricated and used for the current project.
Tactile imaging experiments were performed on the silicone phantoms using a probe having a spherical end-tip with diameter of 5 mm attached to the TA machine, as shown in Figure 2 2. SP2 contained two cylindrical inclusions (glioblastoma and meningioma tumours) with diameter 21.6 mm and length 24.7 mm at a depth of 13.8 mm.
3. SP3 has the same configuration as SP2, except that the two tumours were positioned at a depth of 23.8 mm.
Tactile data were collected at distances in steps of 5 mm in the vicinity of the tumour, and in steps of 10 mm in the remote area. 
| Finite element mesh and boundary conditions
For the FEA of tactile neuroimaging, the brain model was meshed with tetrahedral elements (Figure 8 ). The elastic moduli of the brain tissue and meningioma were set to 1 kPa and 10 kPa, respectively. 30 To apply boundary conditions, the brain model was divided into two parts: the bottom one was in contact with the skull bone and 
| RESULTS FROM VIRTUAL TACTILE NEUROIMAGING

| Mesh convergence
To minimize the computational load while maintaining the accuracy of the virtual tactile neuroimaging, FEA simulations were performed using four different element sizes for the brain model, and the results are presented using the tactile diagrams. As shown in Figure 9 , the stress data for element sizes of 3.5 mm and 4 mm are close to those for 3 mm, with the maximum error less than 3% and 6%, respectively.
On the other hand, the FEA using an element size of 5 mm yielded a maximum error exceeding 10% compared to the 3 mm case. Therefore, an element size of 4 mm was selected for the FEA model for efficient computation without compromising accuracy, which resulted in a total number of elements of 171 546.
| Tactile data from the reported patient
The tactile image and tactile map for the brain model with meningioma are presented in Figure 10 . The tactile image in Figure 10 The sensitivity of tactile data to the stiffness of a tumour and to its size are presented in Figures 11 and 12 , respectively. Here, E denotes the stiffness of the tumour and D its diameter. In Figure 11 , the diameter of the meningioma was fixed at 40 mm and the stiffness was increased from 5 kPa to 15 kPa, which was selected according to clinical data. The tactile images in Figurer   11 (a) graphically illustrate that, as the stiffness of the tumour gets smaller, the size of high-stress region decreases. The tactile diagram in Figure 11 (b) also shows the decrease in peak stress with decreasing tumour stiffness. For example, a decrease in the tumour's stiffness from 10 kPa to 5 kPa results in a decline in peak stress from 0.101 kPa, about twice that in the surrounding region, to 0.083 kPa, about 1.5 times higher. It is notable that the trend of stress variation in the high-stress region around the tumour was similar in all three tactile diagrams, with the stress being amplified in proportion to the tumour stiffness. This is consistent with the results from tactile imaging experiments using silicone phantoms shown in Figure 5 .
To show the effect of tumour size on the performance of tactile neuroimaging, the diameter was changed from 40 mm to 30 mm while the stiffness of the meningioma tumour was fixed at 10 kPa; the results are presented in Figure 12 . As one may easily expect, the size of the high-stress region around the tumour decreases as the size of the tumour decreases. However, the tactile diagram in Figure 12 (b)
suggests that the size of the tumour also affects the peak stress. A decrease in the tumour's diameter from 40 mm to 30 mm results in a reduction of peak stress from 0.101 kPa to 0.0756 kPa. Therefore, it is speculated that by using the peak stress and stress profile around the peak, it should be possible to identify tumours with different characteristics. The practical feasibility of tactile neuroimaging as an intraoperative imaging tool is considered in comparison with existing techniques.
In general terms, the mainstream imaging methods for brain tumour surgery include iMRI and iCT. They are both classified as semi-invasive techniques since patients are exposed to the harmful impacts of magnetic fields and x-rays, but tactile neuroimaging is completely non-invasive and just examines the brain surface using tactile sensors. Other than this, its main advantages over iMRI and iCT are reflected in its simple mechanism and affordable cost. The size of the tumour -an important indicator of its degree of malignancy -can also be sensed by tactile neuroimaging; a marked elevation in the maximum stress occurred with increasing tumour size. It can be stated that the proposed tactile neuroimaging has potential as a noninvasive technique that can detect and localize brain tissue abnormalities, which may allow neurosurgeons to compensate for the effects of brain shift during MIS.
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